Introduction
============

*Burkholderia pseudomallei* is an aerobic, saprophytic Gram-negative bacillus endemic to Southeast Asia and northern Australia but is increasingly found in other parts of the world.[@R1]^,^[@R2] It is the etiologic agent of melioidosis, a debilitating disease of humans and animals, with a mortality rate of 20--50% in endemic regions.[@R1]^-^[@R4] Disease manifestations range widely from acute localized septic infection to severe pneumonia, neurologic impairment, and disseminated septicemia to asymptomatic disease.[@R2]^,^[@R4] The Centers for Disease Control and Prevention has categorized *B. pseudomallei* as a Tier 1 select agent. Melioidosis is difficult to treat due to acquired and intrinsic antibiotic resistance.[@R5]^-^[@R7] Because of this, a protracted regimen consisting of a 10 to 14 d intensive phase of intravenous ceftazidime followed by a three-month eradication phase of oral co-trimoxazole is the current recommendation for treatment of melioidosis.[@R5]^,^[@R6]^,^[@R8] Several recent reports from around the world suggest that although still rare, the number of ceftazidime resistant *B. pseudomallei* infections may be on the rise.[@R9]^-^[@R13]

The increasing occurrence of antibiotic resistant infections has led to the need for more rapid methods of bacterial identification and antibiotic resistance determination in order to provide efficacious therapy. Culturing and disk diffusion assays are presently the standard for identification (ID) and antimicrobial susceptibility testing, but these methods are laborious and time-consuming, taking upwards of 72 h to complete.[@R5]^,^[@R6] Furthermore, some ceftazidime resistant clinical isolates grow poorly on standard media and thus take even longer to culture and identify.[@R10] MALDI-TOF MS has proven useful for bacterial detection and ID and is widely accepted in a growing number of clinical and industrial laboratories.[@R14]^-^[@R16] Two commercially available MALDI-TOF MS protein profiling instruments, the Bruker Microflex Biotyper and Biomérieux VITEK MS, have been approved by the U.S. Food and Drug Administration (FDA) for clinical bacterial ID. However, while promising with regards to bacterial ID and relatively rapid testing times in the 24--48 h range, these units currently do not provide antibiotic resistance profiling capabilities. There are limited recent reports on the use of the Biotyper in combination with secondary methods for antibiotic resistance determination. Bruker has described a culture-based hydrolysis assay (Bruker Biotyper Spectrum Beta Lactamase) for Gram-negative β-lactam resistance determination[@R17]^,^[@R18] and is experimenting with the use of stable isotope labeling of target strains prior to Biotyper analysis for differentiation of methicillin resistant *Staphylococcus aureus*.[@R19] In contrast, in this report we demonstrate the application of phage amplification-based MALDI-TOF MS as a single method for simultaneous bacterial ID and antibiotic resistance determination. Phages have been used for decades for bacterial identification[@R20]^-^[@R24] and methods for combining phage amplification with the capabilities of MALDI-TOF MS have been reported for sensitive bacterial detection in the 1 to 4 h range.[@R25]^,^[@R26] In this report we extend the utility of MALDI-TOF MS by demonstrating its use not only for *Burkholderia* ID, but also for simultaneous antibiotic resistance determination using the previously described broadly infective *B. pseudomallei* phage ϕX216.[@R27]

Results and Discussion
======================

MALDI-TOF MS detection of phage amplification as a means of *B. pseudomallei* ID
--------------------------------------------------------------------------------

MALDI-TOF MS analyses of *B. pseudomallei* ([Fig. 1A](#F1){ref-type="fig"}) resulted in spectra displaying a myriad of small bacterial proteins in a mass range from 5 to 50 kDa. In comparison, the ϕX216 spectrum shown in [Figure 1B](#F1){ref-type="fig"} contained only 3 peaks: a 37.6 kDa peak corresponding to the phage major capsid protein, its doubly charged ion at 18.8 kDa, and the phage tail protein at 22.1 kDa. These masses were in agreement with our previously published report describing the isolation, characterization, genome sequencing and annotation of ϕX216.[@R27] The MALDI-TOF MS ϕX216 limit of detection was determined to be 2.6 × 10^7^ pfu/mL. Based on this data, all subsequent phage amplification reactions were initiated with concentrations below this value in order to only detect phage proteins resulting from amplification (rather than those from input phage used to initiate infection). Spectra were taken at the onset of ϕX216 infection of *B. pseudomallei* Bp82 at bacterial and phage concentrations below the MALDI-TOF MS limit of detection (3.2 × 10^5^ cfu/mL, and 1.6 × 10^5^ pfu/mL, respectively). Immediately following infection, as anticipated, no discernable signal was observed for either analyte ([Fig. 1C](#F1){ref-type="fig"}). As shown in [Figure 1D](#F1){ref-type="fig"}, once phage amplification proceeded and ϕX216 virions were released during cell lysis, a peak at 37.6 kDa was observed within 2 h that served as a secondary biomarker for the presence of *B. pseudomallei.* Results were similar for identical experiments conducted with *B. pseudomallei* Bp82.3 (not shown).

![**Figure 1.** MALDI-TOF MS spectra of (**A**) *B. pseudomallei* Bp82, (**B**) phage ϕX216, (**C**) at onset of ϕX216 infection, and (**D**) 2 h post infection. Masses are indicated in kDa.](bact-4-e29011-g1){#F1}

Determination of ϕX216 burst size
---------------------------------

One-step growth curves ([Fig. 2](#F2){ref-type="fig"}) showed that ϕX216 had an approximate burst size of 160 pfu per infected cell in *B. pseudomallei* Bp82 and a burst time of 150 min. Results were identical with *B. pseudomallei* Bp82.3 (not shown). This burst is slightly higher than the previously reported value of 120 pfu per infected cell.[@R27] However, burst size was previously determined using *B. mallei* ATCC23344 as a host, which may explain the slight differences in observed burst sizes.

![**Figure 2.** ϕX216 one-step growth curve for determination of burst size and time during infection of *B. pseudomallei* Bp82.](bact-4-e29011-g2){#F2}

In silico prediction of ϕX216 amplification-based MALDI-TOF MS signal detection
-------------------------------------------------------------------------------

In order to detect only progeny phage resulting from the presence of the bacterial target of interest (as opposed to detection of the input phage used to start an infection), it was necessary to initiate amplification at a phage concentration below the limit of detection. To address this and significantly reduce the labor and time for repeated preparation and analysis, the previously described method for in silico modeling[@R26] was used to predict the time during ϕX216 infection of *B. pseudomallei* when a detectable MALDI-TOF MS signal would first be achieved.

The MALDI-TOF MS ϕX216 limit of detection (2.6 × 10^7^ pfu/mL) is indicated in [Figure 3](#F3){ref-type="fig"} by a dashed line. Based on this value, an input ϕX216 concentration (*v~i~*) of 1.6 × 10^5^ pfu/mL (well below instrument limit of detection) was used to infect *B. pseudomallei* at an initial concentration (*x~i~*) of 3.2 × 10^5^ cfu/ml; multiplicity of infection (MOI) = 0.5). All parameters used in the algorithm are given in [Table 1](#T1){ref-type="table"}. As shown in [Figure 1D](#F1){ref-type="fig"}, a ϕX216 burst, exemplified by the appearance of the 37.6 kDa major capsid protein peak, was observable within 2 h of phage amplification. The corresponding in silico model ([Fig. 3](#F3){ref-type="fig"}) accurately predicted that phage concentrations would surpass instrument limit of detection within 2 h. This calculation eliminated the need to collect and prepare aliquots prior to 2 h post infection.

![**Figure 3.** In silico prediction of ϕX216 amplification in *B. pseudomallei*. Dashed line: MALDI-TOF MS limit of phage detection.](bact-4-e29011-g3){#F3}

###### **Table 1.** In silico ϕX216 amplification modeling parameters

  ------------------------------------------------------------------------------
  Parameter   Description                                  Experimental values
  ----------- -------------------------------------------- ---------------------
  *a*         Uninfected bacterial replication rate        1.0 at 37 °C

  *b*         Transmission coefficient\                    1 × 10^−7^
              (Measure of phage binding efficiency)        

  *L*         Burst size                                   160

  *k*         Lysis rate                                   1.5

  *x~i~*      Initial uninfected bacterial concentration   3.2 × 10^5^ cfu/mL

  *v~i~*      Initial infecting phage concentration        1.6 × 10^5^ pfu/mL

  *m*         Phage decay rate                             0
  ------------------------------------------------------------------------------

Phage amplification and MALDI-TOF MS for simultaneous *B. pseudomallei* antibiotic resistance determination
-----------------------------------------------------------------------------------------------------------

With the increasing occurrence of antibiotic resistant bacterial infections, it is often critical to the success of treatment and patient survival to quickly identify a suspected pathogen and determine its antibiotic resistance profile. Previous reports identified clinical *B. pseudomallei* strains harboring a C69Y substitution in the chromosomal *penA* gene encoding a putative twin arginine translocase (TAT)-exported β-lactamase that conveyed high-level ceftazidime resistance.[@R13] Rholl *et. al* constructed a *B. pseudomallei* Bp82 mutant derivative that carried the PenA C69Y mutation and found that this not only increased ceftazidime resistance greater than 85-fold, but also sensitized mutants to other β-lactams including amoxicillin, ampicillin, carbenicillin, and imipenem.[@R28] This made the Bp82-Bp82.3 isogenetic strain pair ideally suited for BSL2 studies investigating ϕX216 amplification-based *Burkholderia* ID in the same host background with and without exposure to ceftazidime. By exploiting the host-specificity of phage amplification and its natural reliance on a viable host,[@R29] it was hypothesized that MALDI-TOF MS analysis for the appearance of a ϕX216-specific protein profile both with and without the addition of ceftazidime could serve to simultaneously ID and differentiate sensitive and resistant strains using a single technique; this effectively eliminated one day of testing time in comparison to current methods. [Figure 4](#F4){ref-type="fig"} shows the results of a 3 h ϕX216 infection of ceftazidime-sensitive *B. pseudomallei* Bp82 without the addition of the antibiotic. A major capsid peak was clearly observed within 2 h of the onset of phage infection ([Fig. 4A](#F4){ref-type="fig"}). In contrast, as shown by the lack of a capsid protein peak at 37.6 kDa at any of the four time points shown in [Figure 4B](#F4){ref-type="fig"}, the addition of ceftazidime at a concentration of 10 μg/mL killed the susceptible strain and therefore precluded phage amplification. In comparison, as shown in [Figure 4C](#F4){ref-type="fig"}, phage amplification was detected during ϕX216 infection of isogenetic resistant mutant *B. pseudomallei* strain Bp82.3, even when amplification reactions were treated with 10 μg/mL ceftazidime. Importantly, parallel measurements of uninfected, phage-free bacterial controls ([Fig. 5](#F5){ref-type="fig"}) showed no observable bacterial protein signal over the duration of phage amplification experiments. In addition, uninfected cultures were also allowed to incubate overnight and measured 18 h later to confirm culture viability, at which point bacterial protein profiles were observed (data not shown). This confirmed that any increase in bacterial concentration during the 2 h required to observe a reproducible phage signal was not sufficient to detect bacteria on their own. Taken together, the data in [Figure 4](#F4){ref-type="fig"} and [Figure 5](#F5){ref-type="fig"} clearly indicate the enhanced capability of phage amplification in comparison to bacterial protein profiling, detected by MALDI-TOF MS, for rapid and definite ID of *B. pseudomallei* and simultaneous antibiotic resistance determination. By this method and using a typical 96 to 384 well MALDI-TOF MS target plate, high throughput analysis of multiple parallel phage amplification reactions can be used to effectively assay a large collection of antibiotics of interest and determine the resistance profile.

![**Figure 4.** MALDI-TOF MS spectra of ϕX216 amplification in ceftazidime-susceptible *B. pseudomallei* Bp82 with (**A**) no addition of antibiotic, (**B**) addition of 10 μg/mL ceftazidime, (**C**) ceftazidime-resistant strain Bp82.3 with 10 μg/mL ceftazidime.](bact-4-e29011-g4){#F4}

![**Figure 5.** MALDI-TOF MS spectra of phage-free bacterial controls of (**A**) *B. pseudomallei* Bp82; without antibiotic and (**B**) *B. pseudomallei* Bp82.3 with 10 μg/mL ceftazidime.](bact-4-e29011-g5){#F5}

In addition to its utility for *B. pseudomallei* ID, ϕX216 lyses 100% (9/9) of *B. mallei* strains tested.[@R27] Although not explicitly assessed in this study, the described approach should therefore also be applicable for identification of *B. mallei* but not for differentiation of the two species. Phage resistance in some strains is a notable caveat to the application of phage amplification for identification and antibiotic resistance determination. Although ϕX216 only infected 78% of *B. pseudomallei* strains tested, it has one of the broadest ranges of infectivity for a single *Burkholderia* phage.[@R27] To cover any remaining subset of resistant strains, one or more additional phages that infect these organisms must be isolated and characterized. *B. pseudomallei* phages are readily found in soil samples from endemic regions.[@R30]^,^[@R31]

Conclusions
===========

We conclude that MALDI-TOF MS combined with phage amplification is a rapid, sensitive, and reproducibly predictable approach for protein-based bacterial ID and simultaneous antibiotic resistance determination. This method could be utilized with existing clinical and industrial MALDI-TOF MS systems such as the FDA approved Bruker Biotyper and Biomérieux VITEK MS, which are already in place in a growing number of laboratories. This method offers two new capabilities to conventional MALDI-TOF MS-based bacterial ID assays. First, phage amplification affords a significant increase in sensitivity and reduction in ID testing time. Also, by exploiting the reliance of phages on the presence of a viable host, phage-based MALDI-TOF MS provides the capability to simultaneously assay for bacterial antibiotic resistance. Currently available commercial MALDI-TOF MS-based systems do not have this capacity, but could directly benefit from the incorporation of phage amplification methods, which can be applied to any bacterial host for which a lytic phage exists. Although ceftazidime resistance in *B. pseudomallei* is yet rare, emergence of resistant clinical isolates of *B. pseudomallei* is being increasingly reported and the available literature suggests that resistance may be more widespread than previously thought.[@R9]^-^[@R13] Furthermore, *B. pseudomallei* is considered a biothreat agent and malicious use of an antibiotic resistant organism is a prime concern. In both instances, (diagnosis of clinical melioidosis in endemic regions as well as malicious use of a biothreat agent), rapid diagnosis of both the organism and its susceptibility status are paramount for initiation of proper therapy. In this regard, our newly described method is highly advantageous in terms of time required for proper diagnosis, that is 3 h or less vs. conventional agar plate based methods that provide the same information in 24 h or more.

Materials and Methods
=====================

Bacterial strains and growth conditions
---------------------------------------

*B. pseudomallei* Bp82 and Bp82.3, which are attenuated, select agent excluded **Δ***purM* derivatives of *B. pseudomallei* strain 1026b, were grown under BLS2 conditions as described previously.[@R28]^,^[@R32] Stains were either cultured overnight at 37 °C with continuous aeration in Luria Bertani (LB) broth (BD-Difco, 244620) with the addition of 80 μg/mL adenine or streaked onto LB-adenine agar.

Phage propagation and purification
----------------------------------

ϕX216 phage stocks were obtained by liquid lysis of *B. pseudomallei* Bp82 at 37 °C in LB-adenine medium at an MOI of 0.5, as previously described.[@R27]^,^[@R33] Lysates were centrifuged at 12,000 × g for 20 min at 4 °C to pellet bacterial debris. Supernatants were filtered-sterilized using 0.22 μm low-protein binding polyethersulfone filters (Nalgene, 564-0020). Phage particles were purified by polyethylene glycol (PEG) (8000 molecular weight) precipitation as previously described[@R34] with the following modifications: 20 mL of crude lysate were mixed with a 20% w/v PEG solution containing 1.76 M NaCl and incubated overnight at 4 °C with continuous inversion. Precipitated phage particles were collected by centrifugation at 14,000 × g for 15 min at 4 °C. Resulting pellets were resuspended in 1 mL SM buffer (100 mM NaCl, 8 mM MgSO~4~, 50 mM TRIS-HCl, pH 7.4),[@R35] refiltered, titered by spot titer assay,[@R33] and stored at 4 °C.

Determination of burst size and time
------------------------------------

The ϕX216 burst size and time were determined by generation of one-step growth curves as described previously.[@R33] Briefly, mid-log phase cultures of *B. pseudomallei* Bp82 (1.0 × 10^8^ cfu/mL) were inoculated with ϕX216 at an MOI of 0.005 and monitored by spot titer assay. Triplicate samples were taken at 20 min intervals beginning at the onset of infection over 180 min and 10 μL aliquots were spotted onto Bp82 lawns on LB adenine agar. Plates were incubated overnight at 37 °C. Plaques were counted at each time point as described[@R36] and the burst size determined by dividing the resulting phage concentration values by the initial concentration for one cycle of amplification. Burst time was likewise taken after one cycle of amplification.

MALDI-TOF MS
------------

Samples were prepared for MALDI-TOF MS as previously described.[@R37] Briefly, 10 μL sample aliquots were treated with 2 µL of neat β-mercaptoethanol (BME) (Sigma, M6250) for 15 min at room temperature prior to analysis. One microliter of ferulic acid matrix (15 mg/mL) (Sigma, 46278) in a formic acid (Sigma, F0507), acetonitrile (Sigma, 271004), and de-ionized water mixture was then applied to a polished stainless steel sample plate (Bruker, 209520) followed by addition of 1 µL of treated sample and 1 µL of additional matrix in a sandwich fashion. Sample spots were allowed to air dry before MALDI-TOF MS analysis.

Mass spectrometric measurements were made with a Bruker Ultraflextreme MALDI-TOF mass spectrometer (Bruker Daltonics) equipped with a 355 nm Nd:YAG laser. Measurements were taken in reflector mode with a grid voltage of 50.3%, a delayed extraction time of 120 ns, and low mass cutoffs of 5 kDa and 15 kDa for bacterial and phage analyses, respectively. Three replicate spectra were collected for each analysis as 500 shot composites at a sampling frequency of 1 kHz using automated laser rastering.

Determination of MALDI-TOF MS limit of detection
------------------------------------------------

To determine the limit of MALDI-TOF MS ϕX216 detection, *B. pseudomallei* ID, and antibiotic-resistance differentiation studies, 10-fold serial dilutions in phosphate buffered saline (PBS, pH 7.4) of a high-titer (3.0 × 10^9^ pfu/mL) PEG-purified phage stock were assayed by MALDI-TOF MS. The lowest dilution that produced a ϕX216 protein spectra was considered as the limit of detection.

In silico prediction of phage amplification
-------------------------------------------

In silico estimation of the time during a given ϕX216 infection when phage concentrations would surpass the MALDI-TOF MS detection threshold was conducted using a modified phage therapy prediction algorithm as previously described.[@R26] Modeling parameters used are given in [Table 1](#T1){ref-type="table"}.

ID and differentiation of drug sensitive and resistant *B. pseudomallei*
------------------------------------------------------------------------

For bacterial identification and antibiotic resistance determination, ceftazidime-susceptible Δ*purM* strain Bp82 and its resistant PenA C69Y mutant derivative Bp82.3[@R32] were subjected to phage infection and amplification using ϕX216. Strains were grown in LB + adenine at 37 °C with or without the addition of 10 μg/mL ceftazidime (Sigma, C3809) to an optical density (OD~620\ nm~) of 0.17, which corresponded to an approximate bacterial concentration of 1.0 × 10^8^ cfu/mL. Cultures were next back diluted to 3.2 × 10^5^ cfu/mL in fresh LB adenine and infected with 1.6 × 10^5^ pfu/mL ϕX216 (MOI 0.5). Aliquots of each infected culture were assayed by MALDI-TOF MS with spectra obtained every hour for 3 h. Results were confirmed by plaque assay.
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